Axon ensheathment is fundamental for fast impulse conduction and the normal 17 physiological functioning of the nervous system. Defects in axonal insulation lead to 18 debilitating conditions, but despite its importance, the molecular players responsible are 19 poorly defined. Here, we identify Ral GTPase as a key player in axon ensheathment in 20 Drosophila larval peripheral nerves. We demonstrate through genetic analysis that Ral 21 action through the exocyst complex is sufficient and necessary in wrapping glial cells to 22 regulate their growth and development. We suggest that the Ral-exocyst pathway 23 controls the targeting of secretory vesicles for membrane growth or for the secretion of a 24 wrapping glia-specific factor that itself regulates growth. In summary, our findings 25 provide a new molecular understanding of the process by which axons are ensheathed 26 in vivo, a process critical for normal neuronal function. 27 28 29 93
Introduction

30
The peripheral nervous system (PNS) is responsible for the innervation of the body 31 musculature and organs, and to relay signals from the periphery to the brain. Timely 32 delivery of information across body regions is critical for adequate neuronal function and 135 of the ISN at muscle 4 (m4) region (see methods). Our data shows that wild-type (WT) 136 larvae have an ISN that is 5.21±0.08 µm, which is significantly different from ral G0501 and 137 ral EE1 where the ISN is thicker being 8.01±0.26µm and 7.82±0.13µm, respectively 138 ( Figure 1C -D). To minimize possible biases in the place of measurement of the nerve 139 width, we calculated the nerve area corresponding to 80µm in length on the same region 140 of ISN, in WT and ral mutants. In agreement to the increase in nerve width, we found 141 that ral mutants have increased nerve area compared to WT ( Figure 1E ). 2001) . To learn about the cellular origin of the observed defects we analyzed the 149 morphology of each of these cell types (neurons and glia) by labeling each of them with 150 CD4-GFP, expressed under the control of cell type-specific Gal4 drivers. Neurons were 151 visualized using nSyb-Gal4, which labels all neurons (Figure 2A) ; for the different glia, 152 6 we used Bsg-Gal4, Moody-Gal4 and Nrv2-Gal4 to label perineurial, subperineurial and 153 wrapping glia, respectively ( Figure 2B-D) . Finally, the neural lamella was examined by 154 analyzing the protein-trap Viking-GFP (Vkg-GFP) (Bainton 2014), a collagen-IV protein, 155 and a major ECM protein ( Figure 2E ). We imaged the ISN from segments A2-A4 156 ( Figure 2 ). Imaging of CD4-GFP and HRP allowed visualization of the nerve 157 simultaneously with each of the cell types, and assess whether the morphology was 158 altered in the mutants. Labeling of neurons with CD4-GFP revealed a certain degree of 159 defasciculation in the mutants compared to control (Figure 2A ). However, careful 160 observation of the body wall innervation shows that there are no ectopic or de-161 innervated muscles ( Figure 1B) , implicating that neurons are present in the correct 162 number and targeting to the correct location. Staining of axons with Futsch, an axonal 163 microtubule-associated protein, was consistent with these observations revealing that 164 axonal tracts were often defasciculated in ral mutants ( Supplementary Figure 1) , but in 165 contrast with the increased thickness of ISN that was present in all mutant larvae, the 166 defects in axonal fasciculation were more variable and less obvious, suggesting that 167 defasciculation per se is unlikely to be the only cause for the alteration in nerve 168 morphology.
170
By extending this approach to glia, we observed that the overall morphology of 171 perineurial and subperineurial glia in ral mutants is identical to controls ( Figure 2B -C).
172
Normally, perineurial glia wrap around the entire bundle, and this configuration is 173 unchanged in ral mutants ( Figure 2B ). Likewise, subperineurial glia extend membrane 174 processes that cover the entire length of the nerve bundle of the larvae, and this 175 morphology is also unchanged in ral mutants ( Figure 2C ). In contrast with perineurial 176 and subperineurial glia, the innermost glial layer, composed by wrapping glia, is severely 177 underdeveloped in the mutants ( Figure 2D ). While in controls wrapping glia surround 178 and completely wrap the axons, in both ral mutants the membranes of wrapping glia fail 179 to grow and look like thin membrane extensions that fail to enclose the axons, a situation 180 radically different from what is observed in controls (Figure 2A ,D). Given that wrapping 181 glia do not divide during larval development, it is likely that this phenotype results from a 182 failure in cell growth and in membrane addition. As subperineurial glia also grow and do 183 not divide during larval development and their morphology is unchanged in the mutants,
184
we conclude that Ral plays a role specifically in wrapping glia in the regulation of 185 membrane growth. Finally, we detected no structural defects in the lamella of ral mutants 7 ( Figure 2E ), akin to perineurial (which secrete some of the ECM components of the 187 lamella), and to subperineurial glia. Similar results were obtained for the nerves that exit 188 the VNC (Supplementary Figure 2) . In summary, our structural analysis reveals that Ral
189
GTPase plays a role specifically in the regulation of wrapping glia morphology.
191
During larval development, wrapping glia do not divide but their membranes need to 192 grow to accompany the ~100 times increase in larval size (Hilchen et al. 2013) . Given 193 that this is a continuous developmental process, the defects observed in ral mutants 194 ( Fig. 2D ) can reflect a failure to grow during development or alternatively reflect a 195 collapse of pre-formed membranes. To distinguish between these possibilities, we 196 analyzed wrapping glia morphology from late 1 st -instar, through late 3 rd -instar larvae 197 ( Figure 3 ). Our data clearly shows that the wrapping glia membrane does not grow 198 during development. Contrary to the controls where, by late 1 st -instar, a uniform 199 membrane that covers the length of the nerve is visible ( Figure 3A ), in the mutants the While it is clear that Ral is necessary for wrapping glia development, it is paradoxical 209 that defects in a glia subtype results in widespread thickening of ISNs. The increase in 210 nerve thickness can result from defective axonal fasciculation or from BNB problems 211 (Leiserson et al. 2000; Yu et al. 2000; Baumgartner et al. 1996; Luong et al. 2018) . To 212 examine the ultrastructural features of nerve bundles with respect to the presence, 213 distribution and organization of its cell types, we used transmission electron microscopy 214 (TEM). We dissected 3 rd -instar larvae keeping the brain and nerve bundles intact, and 215 obtained ultrathin sections of the segmental nerves between 2-10 µm after the exit of the 216 VNC, as described (Matzat et al. 2015) . TEM images of WT and ral mutant larvae 217 revealed that the inner structure of the bundle in the mutants had a high incidence of 218 large electron-transparent regions (ETR), occupying an average of 6.55±1.49% in 219 ral G0501 and 10.28±2.31% in ral EE1 of the nerve cross-area comparing with 0.93±0.33% in 220 8 controls ( Figure 4A -C, and Supplementary Figure 3 ). In addition to the increased 221 incidence of ETRs, the ultrastructural analysis of the nerves supports the notion that 222 wrapping glia are underdeveloped in ral mutants (cyan). When possible, we counted the 223 number of axonal profiles present in controls and in mutants and observed that the 224 numbers were identical between genotypes, and correspond to what has been reported 225 (Leiserson et al. 2000; Matzat et al. 2015) . This data is also consistent the 226 immunofluorescence results where we observe normal neuronal patterning. However, 227 the observation of these ETRs raised the possibility that the BNB may be compromised 228 and that this phenotype represents a breach of this barrier.
230
The BNB is the cell barrier responsible for keeping the larval haemolymph from entering 231 the nerve, and SJ are the cellular structure responsible for the formation of the BNB in wrapping glia membrane growth should lead to reduced axonal insulation, altered 254 9 electrical conduction and, ultimately, to locomotor problems. To assess whether this was 255 the case in ral mutants, we performed a larval locomotion assay in which wandering 3 rd -256 instar larvae were filmed for 5 minutes while freely wandering in an agar arena, and their 257 positions were tracked with IdTracker Software (rez-Escudero et al. 2014) . WT larvae 258 displayed the expected bimodal crawling behaviour, alternating between active crawling 259 and reorientation events, and crawled in average 134,6±7,7mm in 5 minutes, with an 260 average speed of 0,52±0,03mm/s. ral mutants also displayed the bimodal pattern, but 261 crawled less and at slower speed: during the 5 minutes analysed ral G0501 and ral EE1 larvae 262 crawled in average 92,5±5,7mm and 88.2±4.4mm, at an average speed of 263 0,37±0,02mm/s and 0,39±0,02mm/s, respectively ( Figure 5A -C). Interestingly, we 264 observed that, at times, ral mutant larvae seemed to drag their posterior body-half, as 265 the peristaltic contractions appeared incomplete, losing power along the anterior-266 posterior axis (compare WT and mutant larvae in movies 1-3). To uncover if the 267 differences between WT and the mutants were due to the mutants crawling slower in the 268 active crawling phase or spending more time in reorientation events, we analysed the 269 speed of long uninterrupted forward crawls. WT larvae had an average active crawling 270 speed of 0,67±0,07mm/s, while ral G0501 and ral EE1 mutants performed fewer long forward 271 runs and crawled at significantly lower speeds: 0,38±0,02mm/s and 0,38±0,04mm/s, 272 respectively ( Figure 5D ). This data is consistent with our hypothesis of signal dissipation 273 in axons, suggesting that motor axons in peripheral nerves lacking fully developed 274 wrapping glia fail to efficiently propagate action potentials, leading to locomotor deficits.
275
However, given that this assay is performed in ral mutant larvae, where the gene is 276 mutated in all tissues, we cannot conclude if this defective behaviour derives from Ral 277 being required in glia or elsewhere.
279
Ral GTPase is required in wrapping glia to promote growth 280
We identified Ral GTPase as necessary for wrapping glia development, but whether it is 281 required cell autonomously cannot be concluded from our mutant analysis. To test this, 282 we used a knock-down strategy using RNAi to reduce the levels of Ral GTPase in a cell-283 type specific manner, using the same Gal4 lines as before, followed by ISN thickness 284 analysis as readout for developmental alterations. As controls, we used the UAS-Ral-IR, that Ral in wrapping glia is required for the regulation of nerve bundle morphology.
290
Interestingly, even though both all glia and wrapping glia Ral-IR results in ISN 291 thickening, we also observe the appearance of swellings along the ISN, but only in all 292 glia knock down ( Supplementary Figure 4) . This result corroborates the notion that Ral, 293 in addition to regulating wrapping glia development, also plays additional roles in other 294 subtypes, including in subperineurial glia during BNB formation.
296
To our surprise, we find that ISN thickness is also increased when Ral is reduced in 297 neurons using the panneuronal driver nSyb-Gal4 ( Figure 6A -C), suggesting that Ral is 298 also required in neurons to mediate some aspect of ISN development. Given that 299 mutants also have some degree of defasciculation ( Figure 5A-B ). Despite this, it is still possible that adhesion molecules 306 other than FasII are altered in ral mutants and are responsible for the observed axonal 307 defasciculation. With this idea in mind, we asked if the defasciculation phenotype could 308 be rescued by promoting adhesion. To test this, we expressed full length FasII in motor 309 neurons, using the motor neuron-specific driver OK6-Gal4 and calculated ISN thickness 310 (Supplementary Figure 5C -D). We found that this manipulation was able to completely 311 rescue the thick nerve phenotype present in the mutants, supporting our hypothesis that 312 adhesion may contribute to the defects, but are not due to alterations in FasII expression 313 levels. This data revealed that the thickening of the ISN results from a combination of 314 factors including lack of ensheathment, adhesion, SJ integrity, and fasciculation.
316
To further validate the cell type specific findings from the RNAi experiments, we 317 performed cell-type specific rescues in the ral mutants. For this, we expressed UAS-HA- 
323
Ral is expressed in all glia using Repo-Gal4, nerve thickness is rescued ( Figure 7A , C).
324
We also quantified the nerve area in 80µm length of ISN and observed that putting back 325 Ral in all glia rescues the phenotype in both ral mutants ( Figure 7D ). The slight 326 discrepancies in rescue capacity of the two mutants probably reflect some intrinsic 327 differences between the lines or in the genetic backgrounds. Reintroduction of Ral 328 exclusively in the wrapping glia of ral mutant animals using Nrv2-GAL4, also rescues the 329 enlarged nerve phenotype but not always to wild-type levels ( Figure 7A , C). Importantly, 330 because the rescue construct has an HA-tag we can assess where Ral is being 331 expressed. Because Ral is known to localize to the plasma membrane irrespective of its mutants. In Drosophila, most exocyst mutants die as 1 st -instar larvae but a mutation 357 induced by the insertion of a P-element in sec8 locus (sec8 P1 ) results in a hypomorphic 358 mutants that survive to 3 rd -instar stages (Liebl et al. 2005) . We analyzed the thickness of 359 the ISN in this mutant and in a control line where the P-element was precisely excised 360 (sec8 revs ). Our data shows that control larvae (sec8 revs ) have an ISN that is 5.67±0.13µm,
361
which is significantly different from sec8 P1 where the ISN is thicker being 7.08±0.13µm
362
( Figure 8A-B) . Therefore, like ral mutants, sec8 P1 larvae have thicker ISNs than its 363 control line.
365
To address which cell type is responsible for this defect, we used cell-type specific Gal4 366 lines to do RNAi against another exocyst subunit -Sec5, which is known to bind directly 367 to Ral and reported to promote membrane growth in other systems (Teodoro et al.
368
2013). When RNAi against Sec5 (Sec5-IR) was expressed in neurons, using nSyb-Gal4,
369
there was no effect on the morphology of the bundle ( Figure 8C 
378
2D). Rather than completely ensheathing the axons, wrapping glia in Nrv2>Sec5-IR did 379 not fill the entire nerve area and were thinner and less regular than controls.
381
If Ral and the exocyst complex are in the same genetic pathway, heterozygous 382 mutations of these genes should genetically interact and give rise to a thick nerve 383 phenotype. We postulated that mutating a single exocyst component would probably be 384 insufficient to reveal an interaction between this 8-protein complex and Ral GTPase.
385
Therefore, we tested if heterozygous mutations in ral genetically interacted with double-386 heterozygous mutations in two exocyst components -Sec5 and Sec6. For this 387 experiment, we used a line where null mutations in the loci of sec5 (sec5 E10 ) and in sec6 388 (sec6 Ex15 ) were recombined and tested in heterozygosity. This double mutant was tested 389 in combination with heterozygous ral mutations, ral G0501 and ral EE1 . To assess genetic 390 13 interactions, we measured ISN thickness in the different heterozygous combinations.
391
Strikingly, in contrast with the single and double mutants, the triple heterozygous of ral, 392 sec5, and sec6 exhibits a significantly thicker nerve (compare Figure 1C and Figure 9 ).
393
Heterozygous ral G0501 and ral EE1 were indistinguishable from wild-type (w 1118 ). Double 394 heterozygous mutations of sec5,sec6 have a small but significant increase in nerve 395 thickness compared to wild-type, but that is strongly potentiated by the introduction of 396 one mutated allele of the ral gene ( Figure 9B ). In conclusion, this data demonstrates that 
406
Through mutant analysis, cell-type specific RNAi and rescue experiments, we 407 discovered that Ral GTPase plays a specific role in the regulation of wrapping glia 408 development, and that it is both sufficient and necessary for the growth of this glial 409 subtype. We also discovered that ral mutants have locomotion defects and show signs 410 of a disrupted BNB and axonal defasciculation. The defects observed in exocyst mutants 411 and RNAi suggest that, at the ISN, glia-dependent functions are mediated via the 412 exocyst, while neuronal fasciculation functions are not. Based on our findings, we 413 propose a mechanism whereby activation of Ral GTPase in wrapping glia induces the 414 recruitment of the exocyst, probably via Sec5 interaction, targeting vesicles to the 415 membrane. These vesicles can directly contribute to membrane growth, but can also 416 carry a wrapping glia -specific secreted factor, that can signal wrapping glia growth 417 ( Figure 10 ). Our study identifies a new in vivo mechanism by which glia regulate axonal 418 ensheathing, providing novel insights onto the molecular basis of nerve development.
420
We identified Ral and exocyst as factors required for wrapping glia membrane growth.
421
This pathway has been implicated in membrane addition in other cellular contexts, 
510
Description of Ral mutations: ral G0501 is a protein null mutant (Teodoro et al. 2013 ) with 511 P-element inserted upstream of the rala 5' UTR region, and Ral EE1 harbors a point 512 mutation that results in an amino acid substitution, Ser154Leu, within a conserved amino 513 acid sequence predicted to be required for nucleotide binding (Eun et al. 2006) , resulting 514 in a strong reduction of the levels of this mutated protein (not shown). The rala gene is 515 located on the X chromosome and the mutants analyzed in this study are either late 3 rd 516 instar/early pupae lethal (ral G0501 ) or survive to adulthood where males are sterile and die 517 a few hours post-eclosion (ral EE1 ). Because ral is located on the X-chromosome, we 518 always tested male larvae. Using these two independent mutants assures that our 519 observations are not due to 2 nd site mutations. 
549
The specimens were subsequently fixed with 2% tannic acid, 30min on ice and post-550 fixed with 2% Osmium reduced with 0,8% Potassium Ferricyanide during 1h on ice and 551 2% of uranyl acetate during 30min on ice. Larvae were dehydrated in an ascending 552 ethanol series, were then treated with propylene and embedded in EPON resin.
553
Transversely ultrathin sections (85-90nm) were cut 2-10 µm after the end of the ventral 554 nerve cord. TEM images were acquired using Hitachi H-7650 microscope. For statistical 555 analysis, we measured the area of the electron transparent regions (ETR) that is present 556 immediately after the subperineurial glia layer (and within the wrapping glia layer) and to the arena, larvae were filmed for 5 min at 5 frames/second. The larvae were tracked 564 in each frame using ID Tracker software (rez-Escudero et al. 2014) , which provides the 565 19 coordinates used to calculate total distance and medium velocity. To represent the 566 trajectories, the initial coordinates were plotted in a smooth line dispersion graph.
567
Locomotor Behavior Protocol -Analyses and Corrections
568
With the coordinates from the tracking program, medium velocity, total distance and 569 trajectories were calculated and represented. First, the coordinates in pixels were 570 converted in mm by applying the following formula: 571 = To calculate the distance, in mm, first, the distance between two points is calculates 572 using:
Where X and Y represent the coordinates in mm. Then, all the distances between two 574 points are calculated and this value is the total distance of the larvae.
575
To calculate medium velocity, the distance on each two points calculated by the formula 576 above, is divided by the time between frames. All of these values were added, forming 577 the velocity of the larvae, as described below:
For the trajectories representation, the initial coordinates were plotted in a smooth line 579 dispersion graph.
581
Confocal imaging and quantification of nerve parameters 582 All images were acquired using a LSM710 confocal microscope (Zeiss). In Figure 1B 
588
Quantification of nerve thickness: nerve thickness was measured in the ISN at the region 589 of muscle 4 innervation, segments A2-A4. We choose for measurement a region in the 590 maximum projection image that is representative of the ISN and that is not at the motor 591 20 neuron exit point and does not include any glial nuclei, since these can represent thicker 592 points in the nerve. We used the measure tool in ImageJ to acquire the thickness (in 593 µm). For neural lamella (E) the protein trap Vkg-GFP (green) was used. The labelling was performed in w 1118 , ral G0501 and ral EE1 background. Wrapping glia are strikingly underdeveloped and fail to wrap the axons within the bundle in ral G0501 and ral EE1 larvae.
Scale bar:10 µm. Schematic of the labeled cell type (green) on the right side, the nonlabeled layers are represented in grey. 
